Epischura (Calanoida: Temoridae) is a Holarctic group of copepods serving important ecological 18 roles, but it is difficult to study because of small range sizes of individual species and widespread 19 distribution of the genus. This genus includes Tertiary relicts, some endemic to single, isolated 20 lakes and can play major roles in unique ecosystems like Lakes Baikal and Tahoe. We present 21 the first molecular and morphological analysis of Epischura that reveals their spatio-temporal 22
massachusettsensis, whose extinction status is of concern. Analyses used three gene regions for 25 six previously unsequenced species to infer highly-resolved and well-supported phylogenies 26 confirming a split between Siberian and North American species. Previously published age 27 estimates and sequence data from broad taxonomic sampling of calanoid copepods estimated 28 divergence times between the two Epischura groups. Divergence time estimates for Epischura 29 were consistent with earlier molecular clock estimates and late-Miocene cooling events. 30
Additionally, we provide the first taxonomically broad estimates of divergence times within 31
Calanoida. The paraphyletic nature of the genus Epischura (and the family Temoridae) is 32 apparent and requires the resurrection of the genus Epischurella (Smirnov 1936) to describe the 33 in many plant species (Wu, et al, 2005 ). Yet, having survived in endemic refugia for millions of 41 years, the Epischura may be at risk given the rapid pace of climate change in the Holarctic zone. 42
Notably, Epischura baikalensis is currently listed as an IUCN threatened species due to pollution 43 and E. massachusettsensis (possibly extinct) has not been observed since the 1950s (Humes, 44 1955)-making them both of conservation concern. While most species in the group, namely, E. 45 baikalensis, E. chankensis, E. nevadensis, E. massachusettsensis, and to a lesser extent, E. 46 nordenskioldi, are geographically isolated to single or few proximal lakes, there are also two 47 widespread species, E. lacustris and E. fluviatilis that regularly establish in reservoirs (Bowman, 48 T. E., 1991; DeBiase and Taylor, 1993). Two of the species, E. baikalensis and E. chankensis, 49 are endemic to Siberia, and the five remaining species are endemic to North America, so 50 understanding the timing and relationship of this divergence will give insight into the history of 51 the group's Holarctic distribution. 52
Dispersal in obligate, sexually-reproducing zooplankton is likely to be extremely limited 53 (Allen, 2007) , restricting the ability of Epischura to migrate or establish in new habitats. 54
Consequently, it is imperative to understand the evolutionary history and genetic diversity within 55 and among this vulnerable group. Epischura are also ecologically important as aggressive 56 primary and secondary consumers, often serving as critical links between trophic levels in the 57 foodwebs in which they inhabit (Moore, et al, 2019) . In general, Epischura reside in the pelagic 58 zone of lakes that lack a diverse zooplanktivorous fish assemblage but have a robust community 59 of small-bodied zooplankton (Brooks and Dodson, 1965) . Hence, we see Epischura in Lakes 60
Baikal and Tahoe and large reservoirs in the Southeastern USA. However, we also find them in 61 smaller-volume ecosystems, such as vernal pools and kettle ponds in New England and Lake 62 Khanka on the Eastern Siberian-Chinese border (Ma, et al, 2019) , where they likely serve as 63 keystone consumers. Due to their expansive geographic distribution and restricted endemism 64 (Afanasyeva, 1998) , few studies have explored the group as a whole. 65
Here we performed the first phylogenetic and morphological analyses of Epischura in an 66 effort to understand their evolutionary history and to evaluate their relationships to each other 67 and within the Temoridae. Using another Holarctic sister genus Heterocope as an outgroup, we 68 constructed a dataset that includes three rRNA gene regions across all extant species represented 69 in the genus. In addition, we used publicly available data to reconstruct the evolutionary history 70 of Calanoida, the order containing Epischura and around 1,800 other species. We show that 71
Epischura is a paraphyletic group, interspersed with the genus Heterocope. We suggest that the 72
Siberian species constitute their own genus, diverging from the North American species 73 ~40MYBP, and we propose resurrecting the originally assigned genus name, Epischurella 74 (Smirnov, 1936) . We generated DNA sequences for seven species of calanoid copepods, including six from 82 the genus Epischura and one outgroup from the genus Heterocope (Table 1and Supplemental 83 Three regions of ribosomal DNA were sequenced: 18s, ITS2, and 28s. We used oligo 105 primers found in the literature for amplification with their published PCR protocols (Table 2 ) 106 except for Epischura nordenskioldi, for which we designed a species-specific primer for ITS2 107
and Epischura nevadensis, for which we reduced the annealing temperature of the 28s PCR 108 reaction to 50 C due to previous low-yield amplicons. For each reaction, we used 10.2 uL H2O, 109 2.0 uL MgCl2, 1.5 uL 10mM dNTPs, 5.0 uL 5X PCR buffer, 0.1 uL BSA, 0.5 uL 10 uM forward 110 primer, 0.5 uL 10 uM reverse primer, 0.2 uL 5,000 U/mL Taq DNA polymerase, and 1 uL of 111 template DNA. Amplicons were verified visually via gel electrophoresis. The PCR amplicons 112 were sequenced by the Yale Keck DNA Sequencing Facility using an Applied Biosystems 113 3730xL DNA Analyzer with BigDye Terminator chemistry (Heiner, et al, 1998) . We were able 114 to sequence at least one individual per species for 18s, 28s, ITS2 regions (Supplemental Table 1 ). 115
We blasted these sequences against the GenBank database and with previously published 116 transcriptome data from Bowman, Jr, et al, (2018) to confirm species identity. To supplement our 117 genetic data, we also downloaded all 18s and 28s sequence data from Genbank for calanoid 118 copepods. We filtered this additional data to retain only species that had sequence data for both 119 loci (Supplemental Table 2 ). We did not collect ITS2 data across calanoids due to the paucity 120 and quality of ITS2 sequences available. However, we downloaded ITS2 sequence data for two 121 outgroup species, Pontellina plumata and Temora discaudata (Supplemental Table 2 ). 122 123
Morphological data 124
All copepods were stained with 5% Congo Red solution for 72 hours to enhance 125 visualization of the mandibles with confocal laser microscopy (Michels and Büntzow, 2010). 126
Following staining, copepods (female adults and late stage copepodites) were placed in 127 deionized water for 3-5 days before measuring total body length (extending from anterior end of 128 cephalothorax to end of caudal rami) using stereomicroscopes (Wild-Heerbrugg M5A or Unitron 129 Z850) at 25-30x magnification. 130
Mandibles were removed from each copepod by dissection performed under 131 stereomicroscopes using dissecting probes made from insect Minuten pins (diam = 0.145 mm) 132 and deionized water as the dissecting fluid. Mandibles were each separately mounted on a 133 microscope slide in a 99% glycerol solution and sealed with a coverslip and clear nail enamel. 134
Twelve to twenty-five mandibles per copepod species, each removed from a separate individual 135 copepod, were individually mounted and measured. Either the left or right mandible was 136 mounted and measured for E. nevadensis, E. lacustris, E. chankensis, and E. baikalensis; but, the 137 right mandible was used for measurements for all other copepod species. 138
For each mandible, the length of the cutting edge (W), the height of the most ventral 139 tooth (H), the height of each of the 6 smaller teeth (hi), and the distance between the peaks of 140 each adjacent pair of teeth (wi) were measured at 200x magnification using a confocal Leica TCS 141 SP5 microscope with an argon laser that emitted excitation wavelengths of 450-600 nm ( Figure  142 2, F). Confocal images were used to make a drawing of a representative mandible for each 143 copepod species ( Figure 2 ). Incidence of broken teeth was also recorded. Due to the high 144 frequency of a broken ventral tooth among E. baikalensis individuals, mandibles from 41 and 60 145 individuals collected during winter and summer, 2013, respectively, were examined for broken 146
teeth. 147
We used measurements of individual teeth (height and width; Fig. 2 ) and body length to 148 construct a morphological phylogeny. We included values for the Itoh index (Itoh, 1970) in our 149 morphological reconstruction for phylogenetic inference (equation in Fig. 2 ). This index has 150 successfully predicted the diet of calanoid copepod species based on their teeth and mandible 151 measurements (e.g., Balseiro, et al, 2001) . We also included morphological measurements from 152 the literature for Temora discaudata (Itoh, 1970) and Temora longicornis (Jansen, 2006) as 153 outgroups. Moreover, Itoh index and body length were the two heaviest loading individual 154 morphological traits in a principle components analysis (PCA; Supplemental Table 3) . 155 156
Phylogenetic Analysis 157
We trimmed raw sequence data by eye to remove low quality bases and assembled the 158 reads into contigs using Geneious v.11.1.5 (https://www.geneious.com). Since we observed 159 almost no intraspecific genetic variation, we created species consensus sequences for each locus 160 for each species. We then aligned the species consensus sequences and the Genbank sequence 161 data using MUSCLE v.3.8.425 (Edgar, 2004) . For 18s and 28s we created three sets of 162 alignments: one with all calanoid copepod species available from Genbank (Supplemental Table  163 2), one with two outgroup species for which we also had ITS2 sequence data (Pontellina plumata 164 and Temora discuadata), and one with two outgroup species for which we had morphological 165 data (Temora discuadata and Temora longicornis). 166
We inferred maximum likelihood gene trees for each locus using IQTree v.1.6.8 167 we also performed analyses on two concatenated datasets. In the first, we included all three loci, 171 but only two outgroup species (Pontellina plumata and Temora discaudata). For the second 172 concatenated analysis, we included 116 calanoid copepod species but excluded ITS2 due to 173 difficulties in aligning sequence data from distantly related species. 174
To estimate divergence times for Epischura, we used a previously published time-175 calibrated phylogeny from Eyun (2017) that estimated the crown age of Calanoida at 266.3 million years before present (MYBP). However, this phylogeny sampled only three calanoid 177 species that do not span the crown of Calanoida (Eyun, 2017). Therefore, we subsampled our 18s 178 + 28s dataset to contain only the ninety-three calanoid copepod species whose crown node was 179 sampled by Eyun (2017). We performed our divergence-time estimates with RevBayes v.1.0.10 180 (Höhna, et al, 2016), and we specified a normal distribution (mean = 266.3, sd =20.3) on the root 181 age consistent with the previous age estimate from Eyun (2017). We applied substitution models 182 to each locus based on the ModelFinder results from our maximum likelihood tree searches. To 183 account for branch-specific rate heterogeneity, we applied an uncorrelated lognormal (UCLN) 184 rates model. We specified an exponential hyperprior (lambda = 1000) on the mean of the 185 lognormal distribution and an exponential prior (lambda = 10) for sigma. For the tree, we used a 186 birth-death model with an exponential prior (lambda = 10) on the diversification rate and a beta 187
(2,2) prior on the turnover rate. Since we only included a small but representative number of all 188 calanoid copepod species, we specified a sampling probability of 1% with a uniform sampling 189 strategy. To improve MCMC performance, we used the maximum likelihood tree as our starting To determine the phylogenetic placement of the possibly extinct Epischura 198 massachusettsensis, we subsampled to include only species with both genetic and morphological data. These included all Epischura, Heterocope septentrionalis, and two species of Temora. For 200 Epischura massachusettsensis, we had only morphological data. We applied the method outlined 201 by Parins-Fukuchi (2017) which uses a Brownian motion model to estimate tree likelihoods 202 using continuous trait data. Originally developed to place fossil taxa in a phylogeny, this 203 approach works equally well for recently extinct taxa of species lacking genetic data. We 204 performed all analyses with RevBayes v.1.0.10 (Hohna, et al, 2016). For the Brownian motion 205 model, we specified a normally distribution prior (mean=0, sd=1) on the log of sigma. All priors 206 and models for the genetic data were the same as described above. We performed four sets of 207 analyses using morphology only, genetics only (with and without E. massachusettsensis), and 208 genetics plus morphology. We performed two independent runs of each analysis for 100,000 209 MCMC generations, sampling every 100 generations. We summarized the posterior tree 210 distributions and checked for convergence and mixing as described above. Phylogenies were 211 
Sequencing and inferences 217
We generated sequence data for three new gene regions for seven copepod species in this 218 study. All sequence data were deposited on the NCBI Genbank database (Supplemental Table  219 1). Genetic data from a total of thirty-five individuals were used for the phylogenetic analysis 220 across the three-gene region representing a large portion of the ribosomal genome. One 221 limitation of our analyses is that the genetic data were all from a single genomic region, the 18s-222 
Epischura massachusettsensis extinction 233
The current status of Epischura massachusettsensis remains unclear; after five separate 234 sampling endeavors across three years to the eastern Massachusetts vernal pools where it was 235 last collected, we neither witnessed nor collected any specimens. More concerted effort is 236 needed to clarify the status of this species given that its most recent sighting was in the 1950s 237 (Humes, 1955) and extensive residential development has occurred in the area since then. If 238 rediscovered in the area, the species should be considered of conservation importance. 239 240
Mandible morphology 241 242
Despite vast differences in mandible size, the shape of the mandibular teeth was similar 243 among the North American species and among the Siberian species (Fig 2. ). Values of the Itoh 244 index for each North American species and both groups of E. baikalensis predicted an omnivorous feeding strategy (Table 1) , which has been confirmed for four of these species by 246 results from feeding experiments (e.g., Folt and Byron, 1989; Schulze and Folt, 1989; Moore, et 247 al, 2019). In contrast, the mean Itoh index for E. chankensis predicts voracious carnivory ( Table  248 1); yet, Naumova, et al, (2015) report that this species feeds on detritus of higher plants and 249
probably phytoplankton, suggesting that the Itoh index may sometimes falsely predict carnivory. 250
We also note that the variance of the mean Itoh index for E. chankensis and E. baikalensis 251 (summer-collected copepods) was generally 2-3 times higher than that for their North American 252 counterparts, possibly indicating a more varied diet or variable food availability. In addition, 253 broken ventral teeth were nearly 10 times more common among summer-than winter-collected 254 E. baikalensis, suggesting the former, which had matured under the ice during a 'Melosira' year 255 congruent support for the Siberian species (Epischura baikalensis and E. chankensis) being a 262 monophyletic group with strong node support ( Figure 3 ). However, there remain several nodes 263 in the calanoid tree with low support, emphasizing the need for more complete sampling across 264 more genes and taxa. We also inferred monophyly of the North America species (E. fluviatilis, 265 E. lacustris, E. nevadensis, E. nordenskioldi via molecular data ( Figure 3B ) and the concatenated 266 morphological and molecular data ( Figure 3D ). However, E. massachusettsensis clusters with H. 267 septentrionalis in the morphological ( Figure 3B ) and concatenated morphological + molecular analysis ( Figure 3D ). Our data suggest that in order for E. massachusettsensis to have evolved 269 such extreme mandible morphology similar to that of H. septentrionalis, E. massachusettsensis 270 likely belongs to the genus Heterocope or has undergone significant convergent evolution, 271 evidenced by other species rearrangements in the morphology only tree ( Figure 3B ). 272
The current phylogeny provides further evidence that the genus Epischura is paraphyletic 273 and includes the sister genus niches in these lakes that were subsequently filled by calanoids-specifically we estimate 300
Epischura predates most other Baikalian animal lineages, including the endemic sculpin 301 radiation by ten million years (Sherbakov, 1999) . 
Conclusion 314
Phylogenetic analyses of then calanoid copepod genus Epischura has previously proven 315 difficult due to its expansive range and isolated endemism. Our study provides the first 316 evolutionary analysis of the genus using both genetic and morphological data, and confirms a 317 divergence between the North American and Siberian species, first proposed by Smirnov in 1936 318 (Smirnov, 1936) . The phylogeny strongly supports the paraphyly of Epischura due to the 319 placement of the genus Hetercope sister to Epischurella-a genus that we resurrect to describe 320 the Siberian species of Epischura. This study presents age estimates for divergences between 321 freshwater copepod lineages restricted to Siberia and North America and confirms previous work 
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